Background and objectives The Initiating Dialysis Early and Late study showed that planned early or late initiation of dialysis, based on the Cockcroft and Gault estimation of GFR, was associated with identical clinical outcomes. This study examined the association of all-cause mortality with estimated GFR at dialysis commencement, which was determined using multiple formulas.
Introduction
Early observational cohort studies in the 1980s and 1990s suggested that commencing dialysis at a higher level of GFR was associated with improved morbidity and mortality (1) (2) (3) (4) (5) (6) (7) (8) (9) . These studies led to promulgation of the so-called healthy start dialysis concept, where dialysis was instigated before the development of uremic signs and symptoms (10) . Conversely, a number of more recently published observational studies, including a meta-analysis (11) , has shown that dialysis initiation at higher estimated GFR (eGFR) levels is paradoxically associated with an increased risk of mortality compared with initiation at lower levels (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . These results may have been limited by selection, indication, survivor, and misclassification biases. Moreover, a study by the Netherlands Cooperative Study on the Adequacy of Dialysis (NECOSAD) Group found that the Modification of Diet in Renal Disease (MDRD) method of estimation of GFR was influenced by muscle mass to a greater extent than GFR estimated by creatinine clearance (21) . Specifically, MDRD eGFR at dialysis commencement was inversely associated with muscle mass and survival, whereas mean urinary urea and creatinine clearances were not significantly associated with either muscle mass or survival (21) .
In 2010, the Initiating Dialysis Early and Late (IDEAL) randomized controlled trial involving 828 patients with ESRD showed that planned early initiation of dialysis at eGFR values between 10 and 14 ml/min per 1.73 m 2 based on the Cockcroft and Gault (CG) equation did not confer either a survival or quality of life benefit (23, 24) compared with late dialysis commencement (GFR,7 ml/min per 1.73 m 2 or when traditional clinical indicators of uremia supervened). The aim of this preplanned post hoc analysis of the IDEAL trial was to further explore the relationship between eGFR at dialysis commencement using three different equations to estimate GFR and subsequent survival.
Materials and Methods
The IDEAL study design, methodology, and primary results have been described previously (23) . The IDEAL trial (Australian and New Zealand Clinical Trials Registry number 12609000266268) was conducted during the period before the abbreviated MDRD equation widely replaced the CG formula in estimation of GFR. This prespecified post hoc analysis used an as-treated analysis to study the association between the eGFR determined by different formulas at the start of dialysis on the IDEAL participants' survival. This study included participants who commenced on dialysis from 2000 to 2009, with a median follow-up period of 4.4 years. The study protocol was approved by ethics committees at all participating centers in adherence to the Declaration of Helsinki. All patients provided written informed consent before trial participation.
Participants
The IDEAL trial included adult patients with stage 5 CKD and a CG eGFR value (25) corrected for body surface area (BSA) (26) between 10 and 15 ml/min per 1.73 m 2 . Participants from 32 centers in Australia and New Zealand were randomized 1:1 to either commence dialysis at a GFR of 10-14 ml/min per 1.73 m 2 or continue routine medical care and commence dialysis at a GFR of 5-7 ml/min per 1.73 m 2 . The IDEAL trial participants who commenced dialysis during the study were divided into tertiles according to the CG GFR at dialysis commencement. Separate sensitivity analyses were also conducted, in which the GFR at dialysis commencement was alternatively estimated by either the MDRD equation or the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (27) . Sensitivity analyses were also performed using eGFR uncorrected for BSA (i.e., by multiplying BSA-corrected GFR by actual BSA divided by 1.73) (26) and analyses by sex.
Study Outcomes
The primary outcome measure was all-cause mortality. The secondary outcomes are broadly classified as cardiovascular (CV) death and non-CV mortality.
Statistical Analyses
Results were expressed as frequencies (percentages) for categorical variables, mean 6 SD for continuous normally distributed variables, and median (range) for continuous non-normally distributed variables. Group comparisons were performed by chi-squared test, ANOVA, or KruskalWallis test as appropriate. For the primary outcome of allcause mortality, survival estimates and curves were generated using the Kaplan-Meier method. The agreement between two eGFR formulas was shown by Bland and Altman plots. Survival time was defined as the period from dialysis commencement until death with censoring for transplantation, loss to follow-up, or end of study. A Cox proportional hazards model analysis was used to investigate the association of tertiles of eGFR at dialysis commencement for all-cause, CV, and non-CV mortality. Covariates used in the multivariable analyses were age, sex, racial origin, body mass index, presence or absence of diabetes mellitus, and presence or absence of CV disease (defined as presence of at least one of congestive heart failure, ischemic heart disease, peripheral vascular disease, and prior cerebrovascular event). Statistical analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC) and R version 2.15.1 (The R Foundation for Statistical Computing). P values less than 0.05 were considered statistically significant.
Results

Patient Characteristics
In total, 768 of 828 IDEAL (93%) participants in the IDEAL trial commenced dialysis during the study period (early start group, n=382; late start group, n=386). One patient from the early start group had no GFR recorded at the commencement of dialysis and was excluded from analysis. Patients were divided into tertiles according to CG eGFR at dialysis commencement (i.e., ,9.5 ml/min per 1.73 m 2 [n=248], 9.5-11.9 ml/min per 1.73 m 2 [n=256], and $12.0 ml/min per 1.73 m 2 [n=264]). Based on the CG equation, women were more likely to commence dialysis with a higher eGFR. However, the three groups had similar comorbidities at the start of dialysis (Table 1) .
When eGFR at dialysis commencement was determined by the MDRD formula, the tertile cut points were ,6.5 ml/ min per 1.73 m 2 (n=255), 6.5-8.9 ml/min per 1.73 m 2 (n=268), and $9.0 ml/min per 1.73 m 2 (n=245). When the CKD-EPI equation was used for GFR estimation, the tertile cut points were ,6.0 ml/min per 1.73 m 2 (n=271), 6.0-7.9 ml/min per 1.73 m 2 (n=238), and $8.0 ml/min per 1.73 m 2 (n=259). When these equations were used to estimate GFR, the patients who commenced on dialysis in the highest eGFR tertile were older, had a lower body mass index, were more likely to be Caucasian, and were more likely to have ischemic heart disease as a comorbidity. Patients with diabetes mellitus were equally distributed across the tertiles (Table 1) . Patients who commenced renal replacement therapy with a higher GFR estimated by the MDRD formula were more likely to commence on peritoneal dialysis than hemodialysis (P,0.05), with a similar trend that did not reach statistical significance when the CKD-EPI formula was used.
In a subanalysis, measured GFR using mean urinary urea and creatinine clearances was obtained from 301 participants with a 24-hour urine collection at the point of dialysis commencement. The tertile cut points were ,5.9 ml/min (n=99), 5.9-8.2 ml/min (n=99), and $8.2 ml/min (n=103). The baseline characteristics when using this method of GFR measurement are listed in Supplemental Table 1 .
The baseline characteristics that were similar across all three formulas included hemoglobin, serum albumin, C-reactive protein, calcium, and medications, including angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and statins.
Agreement between eGFR Formulas
The CG estimation of GFR was a mean of 2.8 ml/min per 1.73 m 2 greater than the GFR estimated by MDRD (limits of agreement=21-6.7 ml/min per 1.73 m 2 ). The CG estimation of GFR was a mean of 3.6 ml/min per 1.73 m 2 greater than the GFR estimated by CKD-EPI (limits of agreement=0.3-6.9 ml/min per 1.73 m 2 ). The closest (20) 145 (21) 141 (21) 0.17
143 (20) 143 (21) 143 (22) 0.96 143 (19) 143 (21) 143 (22) 0.99 Diastolic BP 79 (11) 80 (11) 78 (12) 0.37 80 (11) 79 (11) 78 (12) ,0.05
80 (10) 79 (12) 78 ( agreement was observed between the eGFR values determined by the MDRD and CKD-EPI formulas, with the difference being 0.8 ml/min per 1.73 m 2 (limits of agreement=20.1-1.6 ml/min per 1.73 m 2 ). Greater differences were observed at higher levels of eGFR (Figure 1 ).
Patient Survival and eGFR Grouped in Tertiles
A total of 275 (35.8%) patients who commenced dialysis died during the 9-year study period, with a median followup period of 4.4 years. Overall mortality was comparable among the three tertiles when divided using the CG eGFR at dialysis commencement (hazard ratio [HR], 1.02; 95% confidence interval [95% CI], 0.76 to 1.37; P=0.38; lowest eGFR tertile versus highest eGFR tertile) (Figure 2A) . When eGFR at dialysis initiation was calculated alternatively, using the MDRD formula, the group that had the lowest eGFR had the lowest mortality (HR, 0.56; 95% CI, 0.41 to 0.75; P,0.001) ( Figure 2B ). Similar results were observed using the CKD-EPI formula (HR, 0.64; 95% CI, 0.48 to 0.85; P=0.006) ( Figure  2C ). When GFR was measured by the mean of urinary urea and creatinine clearances, the results were similar to the results observed using the CG formula (HR, 1.05; 95% CI, 0.67 to 1.66; P=0.86) ( Figure 2D ).
Patient Survival and eGFR Uncorrected for BSA
In sensitivity analyses, there was no interaction between eGFR formulas and sex for any of the three formulas. When eGFR values were uncorrected for BSA, CG-determined eGFR at dialysis start was not associated with all-cause mortality, whereas the groups with the lower start eGFR determined by MDRD and CKD-EPI eGFR values were still significantly associated with lower mortality (Supplemental Figure 1) . The Bland and Altman plots were similar to those plots of eGFR corrected for BSA, with the closest agreement observed between the MDRD and CKD-EPI estimates of GFR (data not shown).
Patient Survival Based on CV and Non-CV Mortality
In total, 121 patients died of CV causes, and 154 patients died from non-CV causes. The unadjusted HR of the lowest eGFR group estimated by all three formulas was not statistically significant for CV-related death (Table 2) . When MDRD and CKD-EPI were used to determine eGFR, the lowest eGFR tertiles had 58% and 51% lower risks of dying because of non-CV-related death, respectively, compared with the highest eGFR tertile (reference group) ( Table 2 ). When the causes of non-CV deaths were further analyzed, 42% were attributable to infection, 20% were because of patient initiated withdrawal from dialysis, and 16% were caused by malignancy. Of the infection-related deaths, peritonitis accounted for 14.7%, which was followed by lung infection (12.8%).
Patient Survival in Multivariate Adjusted Analysis
Using multivariable Cox proportional hazards model analysis, the observed apparent longer survival in the lowest MDRD or CKD-EPI eGFR tertiles compared with the highest tertiles of eGFR at dialysis commencement was no longer significant after adjustment for age, sex, racial origin, body mass index, and comorbidities ( Figure 3 ). Being older, being a woman, and having diabetes or CV disease conferred a higher risk of death (Figure 3) . At the time of dialysis commencement, having diabetes mellitus conferred a more than twofold increased risk of death in patients with stage 5 CKD.
Discussion
The IDEAL trial reported that planned early start dialysis did not result in better clinical outcomes or quality of life but incurred additional cost. The current as-treated analysis of the IDEAL trial using the MDRD or CKD-EPI formulas for GFR estimation at the time of commencement of dialysis showed that those patients who commenced dialysis with a lower eGFR experienced longer survival compared with those patients who started dialysis with higher levels of renal function. This result was not seen when GFR was estimated using the CG formula. Although the Kaplan-Meier plot clearly showed a longer survival for the lowest eGFR tertile when MDRD and CKD-EPI equations were used, this association was no longer statistically significant after adjustment for age, sex, race, body mass index, and comorbidities. This study also supports the observations of other cohort studies using the MDRD eGFR in suggesting that patients who commence dialysis with Figure 2 . | Kaplan-Meier plots of patient survival based on estimated GFR (eGFR) tertile groups by three different formulas or measured mean urinary urea and creatinine clearance at dialysis commencement in Initiating Dialysis Early and Late trial participants. (A) Cockcroft and Gault (CG) eGFR: the differences between the groups were not statistically significant (log-rank test: P=0.38). (B) Modification of Diet in Renal Disease (MDRD) eGFR: the differences between the groups were highly statistically significant (log-rank test: P,0.001). (C) Chronic Kidney DiseaseEpidemiology Collaboration (CKD-EPI) eGFR: the differences between the groups were highly statistically significant (log-rank test: P,0.001). (D) Mean urinary urea and creatinine clearance: the differences between the groups were not statistically significant (log-rank test: P=0.86).
higher levels of renal function are more likely to be older, be women, and have diabetes or CV disease. Hence, these characteristics are more likely to result in a higher risk of dying compared with the characteristics of patients who remain clinically well and biochemically stable and hence, are able to defer the initiation of dialysis until later in the course of CKD.
The NECOSAD suggested that this finding may be primarily influenced by an increased muscle mass in healthy patients, resulting in a lower eGFR when determined by the MDRD study. Our study did not find that correction of eGFR for BSA modified the relationship between eGFR and mortality. Only one third of the IDEAL participants had timed urinary collection at the time of dialysis commencement. Despite this limitation, this study was able to replicate the data by the NECOSAD study group that showed a survival advantage in those patients with the lowest renal function measured by MDRD but not GFR was measured by mean urinary urea and creatinine clearances ( Figure 2D ). Although we could not definitively determine the impact of muscle mass in the estimation of GFR and hence, the association with outcome in this study, our findings reinforced that estimation of GFR by equations using plasma creatinine in the denominator is less likely to be useful in patients with end stage kidney disease, because the plasma creatinine is affected by muscle mass as well as glomerular filtration.
Our study also shows that there is a clear trend for patients who start dialysis early to commence on peritoneal dialysis. Thus, the observed initial mortality benefit shown in the peritoneal dialysis cohort (28) may well be influenced by an unmeasured lead time bias rather than a specific benefit of peritoneal dialysis.
Before the results of the IDEAL study, guidelines increasingly considered the eGFR as a determinant for initiation of dialysis. Hence, the difference in eGFR estimated by different formulas and associated clinical outcomes are likely to be of considerable clinical interest. Our results confirm significant reclassification of patients among the tertiles when the MDRD and CKD-EPI formulas were used instead of CG equation to estimate GFR at the commencement of dialysis. The Bland and Altman plots indicate strong agreement between MDRD and CKD-EPI eGFR values, but neither had strong agreement with the CG-determined eGFR. In the absence of a gold standard measurement GFR, this study is unable to provide information regarding which GFR formula most accurately determines GFR in stage 5 CKD.
Recently, many investigators had questioned the validity of using creatinine-based eGFR to estimate renal function in patients with stage 5 CKD (29), largely because of the fact that very few patients with stage 5 CKD were included in the original validation cohorts. For instance, the CG equation was derived from 249 patients ages 18-92 years who were all Caucasian men in an in-patient veterans hospital. The lowest GFR was reported in the 80-to 92-year-old group, with a mean of 37 ml/min per 1.73 m 2 (2, 25) . The MDRD study included 1070 patients in the development sample and 558 patients in the validation sample, with a mean eGFR of 39.8 ml/min per 1.73 m 2 (2, 30) . Similarly, less than 3% in the validation cohort using the CKD-EPI formula had a GFR,15 ml/min per 1.73 m 2 (2, 31) . Hence, using creatinine-based eGFR to estimate renal function in patients with stage 5 CKD has questionable validity. Moreover, the results of the IDEAL study suggest that there is limited clinical relevance of eGFR in stage 5 CKD for guiding decisions regarding renal replacement therapy.
The strength of this study was its inclusive nature, which encompassed a variety of centers (metropolitan, regional, and rural as well as general and university) across two countries (Australia and New Zealand). The end points were independently adjudicated by an adjudication committee to reduce bias. However, there are several limitations. Despite randomization, there remains the possibility of misclassification bias, survivor bias, and indication bias with residual confounding (i.e., patients starting dialysis at lower GFR values may have had less comorbidity, leading to lower mortality that may not have been adequately adjusted for in multivariable analysis). Because this analysis is an on treatment analysis, lead time bias remains. However, in contrast to other observational studies, all patients in the IDEAL study were under the care of nephrologists before the start of dialysis. This analysis is based on the premise that overall kidney function is a function of GFR calculated using various GFR formulas. It has not addressed other key physiologic kidney functions, which may not decline in parallel to GFR. Because there were only a few participants with timed urinary collection at the time of dialysis commencement, this study was unable to determine whether measurement of mean urinary urea and creatinine clearances provided additional useful clinical information in patients with stage 5 CKD. Our limited results suggest that this is not the case.
In conclusion, these data suggest that there are discrepancies between estimations of GFR using the available formulas in patients with stage 5 CKD independent of BSA. More importantly, the timing of dialysis, which was determined by eGFR, does not impact on survival after conventional risk factors, such as age, sex, diabetes, and CV risk factors, are taken into account. The results are consistent across most populations, including those groups historically considered likely to benefit most from early start dialysis, namely the elderly and diabetic cohorts. Moreover, patients who commenced dialysis at higher MDRD or CKD-EPI eGFR values are more likely to die because of non-CV-related mortality, which is mostly related to dialysis-related complications, such as peritonitis and withdrawal of dialysis. The latter is consistent with a recent report from Canadian registry data (32) . These data support the conclusions of the IDEAL trial that the decision to initiate dialysis should be based on clinical judgment rather than solely eGFR. The appropriateness and applicability of measuring eGFR in stage 5 CKD should be reconsidered by the nephrological community. Figure 3 . | Forest plot of the association between estimated GFR (eGFR) tertiles at dialysis commencement and patient survival in Initiating Dialysis Early and Late trial participants. In multivariable Cox proportional hazards model analyses, patient survival was not significantly associated with eGFR at dialysis commencement, regardless of the formula used. Older age, women, diabetes mellitus, and cardiovascular disease at dialysis commencement were associated with a significantly increased hazard of death. Cardiovascular disease was defined as the presence of ischemic heart disease, congestive cardiac failure, peripheral vascular disease, or stroke. BMI, body mass index; C+G, Cockcroft and Gault; CI, confidence interval; CKDEPI, Chronic Kidney Disease-Epidemiology Collaboration; MDRD, Modification of Diet in Renal Disease.
